Dc-and ac-magnetic measurements have been performed in the superconducting state of single-crystalline CeRu 2 grown by the Czochralski method in order to understand the anomalous pinning mechanism associated with the peak effect. It is found that with increasing magnetic field the dc-magnetization hysteresis loop closes at a relatively low magnetic field, B irr (T), above which it becomes reversible completely. It is also observed that the hysteresis loop abruptly opens up again at B p (T) near B c2 (T). Since the onset field of this anomalous peak effect with ascending field B p,u does not match the ending field with descending field B p,d , this sudden appearance ͑disappearance͒ of magnetic hysteresis at the different magnetic field is considered to be the first-order transition. The vortex phase diagram in CeRu 2 is argued in terms of the possible pinning mechanisms in this compound. ͓S0163-1829͑96͒01622-0͔
I. INTRODUCTION
Recently, there has been a growing interest in the anomalous peak effect observed in heavy fermion compounds such as UPd 2 Al 3 ͑Ref. 1͒ and UPt 3 , 2 and in some A-15 compounds such as V 3 Si ͑Ref. 3͒ and Nb 3 Sn. 4 Although the phenomena itself are known to exist in many conventional type-II superconducting materials, the mechanism of the peak effect in most cases is not well understood except for a few exceptional cases. By surveying the peak effect in different materials, one common feature is found: the peak effect occurs only in the pure materials with extremely weak pinning forces. By this reason, the peak effect is observed only in very good single crystals. Since in such materials it is expected that there is a small number of defects working as strong pinning centers, the remaining point defects such as vacancies may play an important role for the occurrence of the peak effect. It is noted that the anomalous peak effect in CeRu 2 described here is not the exception in this sense.
The special interest in the heavy fermion compounds has been raised from the intriguing speculation that the symmetry of the superconducting order parameter in such systems may not be of simple s-wave type, but that with higher angular momentum. This speculation has naturally led to a statement that since the superconducting state must be of multiphase nature due to multiple degrees of freedom, unconventional pinning forces may occur due to the anomalous pairing mechanism. The peak effect observed in CeRu 2 also lies in this line, since this compound is known to be a valence fluctuating system with renormalized electronic state similar to the heavy fermion compounds. 5 A striking similarity in the phenomenon of the peak effect of CeRu 2 has been found in a class of high-T c cuprate superconductors. The typical compounds are the ones with large anisotropy in the superconducting state such as Bi 2 8 where R stands for the rare-earth elements, etc. It seems that the peak effect observed in these compounds is different from the one observed in most of the other high-T c compounds such as La 2Ϫx Sr x CuO 4Ϫ␦ , 9 RBa 2 Cu 3 O 7Ϫ␦ ͑123 type͒, 10 etc. with relatively smaller anisotropy in the superconducting phase. In the case of the 123 type, for example, the peak effect occurs rather gradually with respect to magnetic field, being in sharp contrast with the abrupt occurrence of the peak effect at a certain field strength in the former case. Therefore, the origin of the peak effect in the later case has been thought to be different, for example, from the case of Bi 2 Sr 2 CaCu 2 O 8ϩ␦ , and has been considered to be the site exchange disorder effect at the Ba and R ions as well as the effect of the oxygen nonstoichiometry. 10 For the case of Bi 2 Sr 2 CaCu 2 O 8ϩ␦ , in particular, it was shown by the neutron-diffraction study 11 and the recent muon-spin rotation experiments 12 that the peak effect is driven by the threedimensional-two-dimensional ͑3D-2D͒ transition of the vortex lattice due to the dominant 2D collective-pinning interaction above the crossover field of about 0.05-0.1 T.
Here, we present the results of our recent experimental study on the single-crystalline CeRu 2 by means of dc-and ac-magnetization measurements. The abrupt appearance of the peak effect in an unconventional fashion in this system suggests that the vortex state may undergo the first-order phase transition at B p . Such an anomalous occurrence of the peak effect and the vortex phase diagram in CeRu 2 is argued in terms of the possible mechanisms of the first-order transition in the vortex state.
II. EXPERIMENTS
The polycrystalline samples of CeRu 2 were prepared by arc-melting of a stoichiometric amount of the constituent elements under an argon atmosphere. The samples were then set in the water-cooled cold crucible in the tetra-arc single-crystal growing furnace. A piece of single-crystalline CeRu 2 was attached to the upper shaft as a seed crystal and the Czochralski method was used to grow single crystals. The growth rate was 3-5 mm/h. The size of the single crystal obtained was about 6 mm in diameter and 40 mm in length. Experimental details of the single-crystal growth will be described elsewhere. 13 The crystallinity of the single crystal was examined by the x-ray back Laue method and by the powder-diffraction technique. Only sharp spots assigned to the cubic Laves phase of CeRu 2 were observed in the back Laue picture, and no other phases in the powdered single crystals were identified in the x-ray powder-diffraction patterns. Moreover, the microstructural study carried out by scanning electron microscopy, energy dispersive x-ray analysis, and electron probe microanalysis ͑EPMA͒ showed a clearly good single phase single crystal and is confirmed that the single crystal is sufficiently in high quality.
The sample for the magnetization measurements was cut from the bulk single crystal into a size of 1.1 mmϫ1.0 mm ϫ4.0 mm. The superconducting transition temperature T c was determined by dc magnetization in 0.1 mT to be 6.10 K. The residual resistivity is also measured and was 2-3 ⍀ cm at 4.2 K. This reconfirms again that this single crystal is high quality.
The dc-and ac-magnetization measurements were performed by a superconducting quantum interference device ͑SQUID͒ magnetometer ͑Quantum Design MPMS-5S͒ up to 5 T applied parallel to the ͓001͔ direction. The ac magnetization at a fundamental frequency of 110 Hz was measured with ac fields of 0.01, 0.1, and 0.38 mT under a dc field up to 5 T. Both ac-and dc-magnetic fields in this case were applied along the ͓001͔ direction of CeRu 2 .
III. RESULTS AND DISCUSSIONS

A. dc magnetization as a function of magnetic field
An example of the hysteresis loops in magnetization of CeRu 2 are shown in Fig. 1 measured at various temperatures. The magnetization curves behave as a typical conventional type-II superconductors except for the additional features described below.
Firstly, the magnetization becomes reversible at a relatively low field B irr above the initial hysteretic region, which is located just above B c1 ϭ0.03-0.035 T. As a result, the reversible magnetization region extends to a major part of the mixed state. It is surprising that this reversibility of magnetization was also observed even in rather impure polycrystalline samples containing considerable amounts of foreign phases, which is, in the conventional sense, expected to act as strong pinning centers. Therefore, this unusual weak pinning behavior naturally leads to a speculation that there may exist an intrinsic weak pinning mechanism, which may cause the anomalous pinning behavior in this material.
Secondly, with further increasing magnetic field, the reversible magnetization suddenly becomes irreversible ͑hys-teretic͒ at around B p ͑which will be redefined to be B p,u for ascending field and B p,d for descending field͒ and it finally closes near B c2 . The overview of this anomalous magnetization behavior ͑peak effect in general͒ is presented in Fig. 1 .
In Fig. 2 , only the hysteresis loops in magnetization at various temperatures are shown in detail. The following characteristics can be drawn from a closer look at these results:
͑1͒ The hysteresis loop in magnetization ͑the peak effect͒ becomes larger in size as temperature is lowered. ͑2͒ The onset field of the peak effect at B p is very abrupt and it occurs at a slightly higher field B p,u with ascending field than that with descending field B p,d , as clearly seen in Fig. 2 .
͑3͒ When the magnetic field is reversed in the middle of the peak effect, the magnetization follows exactly the profile of the whole hysteresis loop ͑not shown here͒.
͑4͒ The closing point of magnetization in the peak effect B p,end does not coincide with B c2 . As is seen in Fig. 2 , B p,end is somewhat lower than B c2 , which is determined by the resistivity measurements.
The results shown in ͑1͒ can be understood as a common feature of pinning phenomena in superconductors. This is simply a manifestation of the temperature dependence of the maximum hysteresis ⌬M p max ϭM ϩ ϪM Ϫ as shown in Fig. 3 , which reflects the temperature dependence of the superconducting order parameter relevant for the pinning. From the magnetization data as a function of field the macroscopic pinning force F p can be obtained by a formula of F p ϭJ c ϫB. This is shown in Fig. 4 . In the inset of Fig. 4 , the normalized macroscopic pinning force F p /F p max is plotted as a function of normalized field bϭB/B c2 . As is seen in Fig. 4 , the normalized pinning force does not scale into the universal curve by the scaling law, which is commonly observed in the peak effect in conventional superconductors. 3 It is evident from Fig. 4 that the reason for this is that the onset does not obey the scaling law.
The fact shown in ͑2͒ implies an important evidence that the occurrence of the peak effect may be the first-order transition in the sense that the occurrence is very sharp and hysteretic. In particular, the sharpness is in strong contrast to the peak effect observed in other systems such as Ti added 20% Nb alloys, 14 etc., where the occurrence of the peak effect is not sharp but rather continuous as a function of magnetic field. This fact strongly implies that the mechanism of the peak effect in CeRu 2 may differ from that of other peak effects in most of conventional superconductors. The experimental observation shown in ͑3͒ represents evidence that the vortex state in the peak effect region consists of the critical state with full field penetration. The experimental observation given in ͑4͒ was initially thought to be an additional anomalous behavior associated with the peak effect. After more careful experimental studies in both ac-and dc-magnetization measurements, however, it turned out that the small difference between B p,end and B c2 originates from the relaxation effect in the dc SQUID magnetization measurements. Such a behavior is also seen in the data reported earlier in V 3 Si. 3 It is noted that the size and the shape of the peak depend rather strongly on the sample as well as the sample shape. The data presented in Figs. 1 and 2 as a example, which show about 14% difference in this case, are taken from the different samples grown by the same technique. This fact implies that the peak may be governed by the subtle energy balance between pinning forces due to the various imperfections inside the crystal and the surface energy barrier which give rise to the inhomogeneous shape-dependent field penetration.
Furthermore, it is interesting to point out that the magnetization at the peak effect region often shows discontinuous jumps, especially at low temperatures. This phenomenon seems to be experimentally reminiscent of the flux jump in conventional hard superconductors, because the position, the frequency, and the sizes of the jump are rather systematic with a fixed sweep rate of the magnetic field as well known in the flux jump. Although a considerable variation in the above-mentioned characteristics of the peak effect with the crystal orientation, it is concluded that the intrinsic anisotropy of the peak effect is within a few percent as far as the critical fields are concerned. The reversible magnetization observed in a wide field region shown in Fig. 1 can be analyzed as follows. Firstly, the magnetization in a field region B c1 ӶBӶB c2 in the London model can be written as
where 0 is the quantum flux, (T) is the penetration depth, is a constant close to unity. By fitting this Eq. ͑1͒ to the experimental data, the temperature dependence of can be deduced. This result is shown in Fig. 5 . The solid curve is a fitted curve to the experimental data by assuming the temperature dependence of (T) in the two-fluid model:
͑2͒
From this analysis, 0 (Tϭ0) is obtained to be 2470 Å. Furthermore, from the change of the slope of magnetization at B c2 , the Ginzburg-Landau parameter 2 can be estimated to be 24, according to the equation of Maki:
where ␤ϭ1.16.
B. ac magnetization as a function of magnetic fields
In order to study the dynamical properties of the vortices in this compound, ac measurements were performed under various dc fields up to 5 T with ac fields of 0.01, 0.1, and 0.38 mT. The results are shown in Fig. 6 , where the ac field of 0.38 mT is used in this case. Both the real part ͑Ј͒ and the imaginary part ͑Љ͒ of the susceptibility are presented as a function of temperature in a normalized manner. In zero dc field, Ј shows a sharp superconducting transition, whereas the transition becomes broader as the dc field is increased. In addition, a sharp dip in Ј and a peak in Љ ͑not shown here͒ begin to appear in magnetic fields just below T c . This feature can be more clearly seen in the case of Bϭ1 and 2 T in Fig. 6 . At higher fields this sharp peak grows and becomes wider. More detailed behavior only for Ј at lower fields are presented in the inset of Fig. 6 in an expanded scale. The upper critical field, B c2 (T), is in fact determined by the deviating point from the extrapolated normal state one by taking a set of ac susceptibility data similar to Fig. 6 below T c .
These peculiar experimental results of ac magnetization can be interpreted by a simple model that the pinning causes the hysteresis loss due to an oscillating ac field, which induces macroscopic shielding current in the sample. This shielding current J s can be estimated to be J s ϭ3H osc /4d assuming an infinitely long plate with the thickness of 2d. When the shielding current J s becomes higher than ϳ9 A/m 2 , which is induced by H osc ϭ0.38 mT in this case, this ac magnetization gives the full shielding signal. Therefore, the sharp dip appearing in Ј indicates that the shielding current exceeded at a value determined by the amplitude of the oscillating ac field. The disappearance of the sharp dip in Ј with decreasing temperature as seen in Fig. 6 at low temperatures means that this shielding current became smaller again than the critical value with decreasing temperature. This lack of diamagnetic shielding signal can well be ascribed as a lack of pinning force in this material, which corresponds to the reversible magnetization. The broad feature in Ј indicates that the shielding current is not fully established in order to maintain the complete shielding, although the magnetization appears to be reversible within experimental error. This discrepancy can reasonably be ascribed to the different criterion to the critical current density between both experimental techniques used here. This nonzero critical current observed in reversible region in magnetization is also proved by the direct critical current measurement. 16 In general, more stringent criterion can be set in ac-susceptibility measurements than the dc-magnetization measurements.
It is worthwhile mentioning that the anomalous double transition and a possibility of the unusual superconductivity such as the one with the triplet pairing speculated previously, 17 can well be understood by the above-mentioned mechanism caused by the anomalous pinning effect in CeRu 2 . However, although the possible scenario of unconventional superconductivity to explain the anomalous peak effect cannot completely be excluded, we believe that the mechanism of the peak effect is an extrinsic effect to superconductivity in case of CeRu 2 .
In Fig. 7 , the phase diagram deduced by the present experiments is plotted. The shaded area is the region where the peak effect is observed. It is noted that the boundary B p determined by the ac-magnetization measurements is somewhat lower than that determined by the dc SQUID measurements. This is because of the different criterion used for both measurements as explained above. In the ac-magnetization measurements B p ͑ac͒ is defined by the field indicated by the arrows in Fig. 6 . The lack of sharpness of the transition in the ac measurement at B p ͑ac͒ may be caused by the shielding current flowing inhomogeneously inside the sample due to weak pinning effect existing in the background. In Fig. 7 , the irreversibility line B irr determined by dc-magnetization measurement is also added.
Although the phase boundaries B irr and B p ͑B p,u and B p,d ͒ show a considerable sample dependence according to the sample inhomogeneity, the other critical fields B c2 and B p,end do not show anisotropy within an accuracy of few percent. Assuming that the upper critical field is governed by the paramagnetic limit ͑Clongston limit͒, a value for B c2 (0) can be obtained to be about 11.2 T, which is slightly above the simple extrapolated value of ϳ10.3 T. This indicates that the upper critical field in CeRu 2 is limited by the paramagnetic limit. From the value of B c2 (0)ϭ11.2 T, the coherence length is estimated to be 54 Å. Therefore, the GinzburgLandau parameter ϭ/ is obtained to be ϳ45.
From the phenomenological Ginzburg-Landau approach B c1 and B c2 can be expressed as
ͱ2 3
͑4͒
and
respectively. Therefore, B c2 /B c1 ϭ2 2 /ln ϭ328, resulting in values for and B c being 23 and 0.35 T, respectively. Here, we used values of B c1 ϭ0.035 T and B c2 ϭ11.5 T, and it is assumed that 1 ϳ 3 . This value is in good agreement with the one obtained from Eq. ͑3͒, but is nearly twice smaller than the one obtained in the above. The reason for this is not clear but it is certain that the value obtained from the analysis of (T) shows rather poor agreement with Eq. ͑2͒ as shown in Fig. 5 and the (T) value itself seems to be somewhat too large.
IV. CONCLUDING REMARKS
The experimental results of the anomalous peak effect observed in single-crystalline CeRu 2 were presented and were analyzed with the conventional theory for the type-II superconductors. The sudden appearance ͑disappearance͒ of the peak effect at B p and the difference of B p,u and B p,d strongly suggest that the transition may be a first-order transition.
In the conventional understanding of the peak effect, it is rather difficult to explain such a sharp feature similar to the first-order transition. Possibilities such as the secondary phase inclusions with weak superconductivity identified often in alloys 14 and claimed in R͑ϭLa,Nd,Sm͒Ba 2 Cu 3 O 7 , 18 and the matching effect in some specially arranged correlated pinning centers 19 are definitely excluded, because the samples showing anomalous peak effect including in this FIG. 7 . The magnetic phase diagram of single-crystalline CeRu 2 obtained from the dc magnetization measurements, the ac susceptibility, and the resistive measurements. The shaded area is the region where the peak effect is observed. The boundaries indicated by B p,u ͑dc͒, B p ͑ac͒, B c2 ͑ac͒, B irr ͑dc͒, B c2 (R-T), and B c2 ͑dc͒ stand for the onset field of the peak effect with ascending field, the onset field of the peak effect measured at the dip position in the ac susceptibility, the upper critical field measured by ac susceptibility ͑defined by the onset of the diamagnetism as a function of temperature͒, the irreversibility line, the upper critical field determined by the resistivity measurement, and the upper critical field determined by the magnetization measurement, respectively. experiment are in very pure form, mostly in high-quality single crystals having neither strong pinning nor correlated pinning centers.
In 1969, Pippard 20 proposed a simple mechanism which may be relevant for explaining the peak effect observed in Nb. 21 The essence of his theory is that the rigidity of the flux-line lattice obeys the quadratic form ͓C 66 ϰB c2 (1Ϫb) 2 ͔ and falls to zero as a function of magnetic field near B c2 , whereas the individual pinning force decrease linearly with magnetic field [ f p ϰb(1Ϫb)]. Therefore, it is expected that the crossover of the free energy takes place near B c2 . Moreover, it was shown that the peak value in J c may be strengthened by more than an order of magnitude. According to his model, such a transition can, in principle, be very sharp, as sharp as the phase transition. To our knowledge of the peak effect so far studied experimentally in the past, on the contrary to this theoretical prediction, none of them has such a sharp feature except the present CeRu 2 . It is still not well understood why only CeRu 2 shows such a sharp transition and it certainly remains as an unsolved question.
According to Larkin and Ovchinnikov, 22 it is expected within the collective-pinning theory that there may exist softening of the shear modulus C 66 due to the renormalization effect, leading to the enhancement of the critical current. This phenomenon was actually confirmed by Kes and Tsuei 23 in the amorphous thin films of Nb 3 Ge and Nb 3 Si. In these cases, however, the material has an amorphous form and has extremely weak pinning forces with high density. Although the physical conditions in the amorphous materials and the single-crystalline CeRu 2 are completely different, it is intriguing to compare the similarity in both cases from the point of view of weak pinning behavior. Nevertheless, it is again difficult to explain the sharp feature observed in the present experiment within this view.
The unusual enhancement of the pinning force in this system has been thought to be related to the extremely small pinning force in the reversible region. From the similar phenomenon observed in the heavy fermion compounds such as UPd 2 Al 3 , 1 UPt 3 , 2 etc., a speculation has been made that the large enhanced paramagnetic susceptibility may play a key role for the occurrence of the peak effect. For the heavy fermion compounds such as UPd 2 Al 3 and UNi 2 Al 3 , it is true that the susceptibility is largely enhanced: for example, it is about 1.3ϫ10 Ϫ3 ͑SI͒ for UPd 2 Al 3 at low temperatures. 24, 25 Contrary to this, the susceptibility of CeRu 2 is not largely enhanced, but is only 2.6ϫ10 Ϫ4 ͑SI͒, which is in good agreement with the previous reports 26 and is also in a comparable order with the superconducting transition metals such as V ͑ϭ3.6ϫ10 Ϫ4 in SI unit͒, Nb ͑ϭ2.36ϫ10 Ϫ4 ͒, Ta ͑ϭ1.6ϫ10 Ϫ4 ͒, etc. Therefore, these experimental facts certainly pose a question about whether the enhanced paramagnetism is playing an essential role for the occurrence of the peak effect presented here. On the other hand, it is favorable to the weakening of the pinning energy due to the fact that the enhanced paramagnetism reduces the elemental pinning energy, E core,super ϭ 2 (B c2 /8)ϳ4.5ϫ10 Ϫ12 J/m by E core,paramagnetism ϭ 2 spin h 2 /2ϳ1.3ϫ10 Ϫ12 J/m, where spin is the Pauli paramagnetic susceptibility, and h is the magnetic field inside the vortex core. This effect is about 1 3 of the total core energy of the vortex in CeRu 2 and could certainly be a major reason to realize the anomalously weak pinning phenomenon in B c1 ӶBӶB p in CeRu 2 . In the same token, it is not clear whether or not the occurrence of the speculated superconducting phase proposed by and Ovchinnikov-Larkin, 28 which predict the first-order transition in some cases, is a real cause of the peak effect, although a connection between them has been argued. 26, 29 More systematic study of the peak effect, in particular, by means of direct and microscopic techniques, is needed in order to reveal such an intriguing pinning phenomenon which seems to accompany the first-order transition in the vortex state.
